Background: The induction of neural regeneration is vital to the repair of spinal cord injury (SCI). While compared with peripheral nervous system (PNS), the regenerative capacity of the central nervous system (CNS) is extremely limited. This indicates that modulating the molecular pathways underlying PNS repair may lead to the discovery of potential treatment for CNS injury. Methods: Based on the gene expression profiles of dorsal root ganglion (DRG) after a sciatic nerve injury, we utilized network guided forest (NGF) to rank genes in terms of their capacity of distinguishing injured DRG from shamoperated controls. Gene importance scores deriving from NGF were used as initial heat in a heat diffusion model (HotNet2) to infer the subnetworks underlying neural regeneration in the DRG. After potential regulators of the subnetworks were found through Connectivity Map (cMap), candidate compounds were experimentally evaluated for their capacity to regenerate the damaged neurons. Results: Gene ontology analysis of the subnetworks revealed ubiquinone biosynthetic process is crucial for neural regeneration. Moreover, almost half of the genes in these subnetworks are found to be related to neural regeneration via text mining. After screening compounds that are likely to modulate gene expressions of the subnetworks, three compounds were selected for the experiment. Of them, trichostatin A, a histone deacetylase inhibitor, was validated to enhance neurite outgrowth in vivo via an optic nerve crush mouse model. Conclusions: Our study identified subnetworks underlying neural regeneration, and validated a compound can promote neurite outgrowth by modulating these subnetworks. This work also suggests an alternative approach for drug repositioning that can be easily extended to other disease phenotypes.
INTRODUCTION
Treatment for spinal cord injury (SCI) has been focused on stabilizing the spine and controlling inflammation to prevent further injury [1] . SCI have always been considered to be difficult to treat due to its extremely limited capacity of regeneration. On the other hand, peripheral nervous system (PNS) has the ability to switch from arborizing to elongating process after a conditioning lesion [2] . Compared with PNS, central nervous system's (CNS) inability to regenerate itself can be ascribed to the following reasons: first, its regeneration is suppressed by extrinsic inhibitory factors [3] [4] [5] [6] [7] ; second, CNS lacks the intrinsic capacity of initiating the regeneration process [8, 9] . In CNS, there are multiple inhibitory factors preventing nerve from regenerate. Astrocytes can produce an impermeable gliotic scar, which act as a barrier for axon outgrowth [3] . The contribution of scar formation in the suppression of axonal growth has been tested by using chondroitinase to increase the permissiveness of injured spinal cord sections to embryonic dorsal root ganglion (DRG) axons [10] . Another inhibitory factor is CNS myelin, which include myelin-associated glycoprotein (MAG) [6] , neurite outgrowth inhibitor-A (Nogo-A) [11] and oligodendrocyte myelin glycoprotein (OMgp) [7] . These myelin inhibitors have been proved by the use of monoclonal antibodies IN-1 that can neutralize their inhibitory effect [11, 12] . In PNS, the complex molecular signals retrogradely transported from axonal lesion to cell body induce its intrinsic growth capacity [13] . In particular, a bunch of mitogen-activated protein kinases (MAPKs) are retrogradely transported, which have been confirmed to participate in the regeneration and repair of neurons [14] . The retrograde transport of injury signals, induces the expression of regeneration-associated genes (RAGs) such as Atf3, Jun and Gap43 [8] . The importance of intrinsic growth capacity in PNS is highlighted by the little axon regeneration observed even after the removal of known inhibitory factors [15] .
To address the challenges faced by spinal cord injuries, several approaches have already been proposed. The most commonly accepted method is cellular replacement. For instance, it can be used in the case of the loss of motor neurons resulting from the cervical spine injury [16] . Cellular replacement can be achieved by either transplantation of neural stem cells or in situ stimulation of uninjured stem cells. Besides, some growth-promoting molecules such as neurotransmitter (Acelylcholine), growth factors (GFG, IGF, PDGF), neurotrophic factors (NGF, BDNF, CNTF, NT-3, GDNF), and immunoglobins (N-CAM, L1, cadherins), can be used in axon guidance, fasciculation, and synapse formation [17] [18] [19] [20] . Gene therapy and immunization that specifically target different processes of neural regeneration, such as neurotrophic factor delivery, removal of growth inhibition, manipulation of intracellular signaling, and modulation of immune response, have also been developed [21] [22] [23] . However, it is very important to take into consideration the inherent plasticity and adaptiveness when a regeneration experiment is interpreted. And the above-mentioned approaches are still far from perfect solutions to the problem of functional regeneration.
Recently, it has been reported that neural repair requires the coordinated transcriptional regulation of a list of core gene modules. In addition, chemical modulation of this list of modules led to the discovery of effective compounds that promoted neural regeneration [24] . Based on this premise, we attempted to find subnetworks that represent perturbed pathways in neural regeneration by systems biology analysis of dorsal root ganglia gene expressions and protein-protein associations. As is shown in the workflow (Figure 1 ), expression profiles of the dorsal root ganglion were divided into case and control groups in terms of whether the animal suffered from a sciatic injury. By using gene expression profiles, networkguided forest (NGF) assigned importance scores to each gene node in the forest of trees according to a reduction of Gini index at each split [25, 26] . Then, HotNet2 was used to group genes into functional subnetworks through a heat diffusion process based on protein-protein associations network [27] , where the importance scores deriving from NGF served as initial heat inputs. Finally, Connectivity Map (cMap) [28] , guided the selection of small molecules that might regulate the gene expression of the core subnetworks. After the experimental validation of three candidate compounds, only trichostatin A was found to significantly promote axon regrowth after an optic nerve injury.
RESULTS
Importance genes in neural regeneration were identified by network guided forest Neural regeneration-associated pathways were wellrepresented in the top genes defined by NGF. Commonly, differentially expressed genes (DEGs) are used to prioritize genes pertaining to a specific state. However, DEGs are notorious for a high false positive rate, which are often ascribed to batch effect and many other confounding factors [29] . Since NGF integrates proteinprotein associations into the random forest to accurately discriminate the injured neurons from sham-operated controls, it leads to a much more precise and robust gene prioritization. Using 5-fold cross-validation, NGF achieved a good performance, with an accuracy of 0.83 and the area under the receiver operating characteristic (ROC) curve (AUC) of 0.90 (Figure 2A ). Genes were ranked according to its contribution to classification accuracy ( Figure 2B ). It is worth noting that the top 100 genes ranked by NGF still tend to be DEGs but also cover genes that do not display significant variability between cases and controls ( Figure 2C ). Many top genes ranked by NGF but not identified by DEGs are related to neural regeneration (Supplementary Materials 1). In particular, key factors of neural regeneration, such as Bdnf and Plcb1, are among the top genes ranked by NGF but absent in the top genes defined by fold changes ( Figure 2C ). Moreover, gene ontologies of the top 100 scoring genes consist of relevant terms, such as MAPK cascade, oxidative stress, programmed cell death, cell cycle and response to wounding (Supplementary Materials 2). In comparison, gene ontologies of the top 100 genes ranked by fold change (50 most upregulated and 50 most downregulated genes) hardly contain any neurodegeneration-related terms except for cAMP signaling (Supplementary Materials 2). Overall, NGF-discovered top genes surpass DEGs by their broad coverage, ranging from the immediate immune response after neurite damage to the regrowth and regeneration capacity that follows the injury. And compared with traditional random forest, NGF not only got a slightly better classification accuracy (Table 1) but also discovered more biologically relevant genes related to neural regeneration. Specifically, 41 of top 100 scored genes by NGF are related to neural regeneration via searching key words "neuronal regeneration", "axonal regeneration", and "nerve injury" in PubMed database, while only 28 of top 100 scored genes by traditional random forest are related to it (Supplementary Materials 1).
Closely connected subnetworks obtained by HotNet2
To find subnetworks underlying neural regeneration, importance scores of genes obtained via NGF were used as initial heat scores in the heat diffusion model (Figure 1 ). Six significant subnetworks corresponding to 65 genes were identified ( Figure 3 ). To functionally annotate the subnetworks, we examined the association with the key words "neuronal regeneration", "axonal regeneration", and "nerve injury" in PubMed database for Figure 1 . The workflow of our drug screening process. Expression profile of genes were used by network guided forest (NGF) to obtain gene importance scores (Top); Use importance scores from NGF as initial heat scores in HotNet2 to find closely connected subnetworks (Bottom right); The similarity between the query signature (HotNet2 subnetworks) and more than 7,000 expression profiles for 1,309 small molecules was evaluated to find potential compound that might modulate the expression of subnetworks (Bottom left). ) were associated with neural regeneration and/or axon outgrowth (Supplementary Table S2 ). Furthermore, using a text mining toolkit, DiGSeE [30] , 29 of 65 genes were related to neurodegenerative disease, corresponding to 817 documents ( Figure 3 ).
It is worth noting that transthyretin (TTR), which has the highest degree in one subnetwork, is also the most important node according to the number of associated publications recorded in DiGSeE. TTR is a carrier protein that transports thyroid hormones in the plasma and cerebrospinal fluid that can directly regulate neural regeneration. After nerve crush, knockout mice of Ttr The genes that are in both top lists are shown as blue. Other genes are shown as light sky blue. Overall, the top 100 genes ranked by NGF tend to be differentially expressed but also consist of genes with little variability. Bdnf and Plcb1 are pointed out, as they are important genes related to neuronal regeneration, and they get much higher rank by NGF.
presented delayed functional recovery resulting from decreased number of myelinated and unmyelinated fibers, while expression of human TTR in neurons rescued this phenotype [31] . Another subnetwork is also of great interest because it contains the associations of BDNF and CNTF and of BDNF and COMT. One polymorphism (Val 108 / 158 Met) of COMT accounts for a 4-fold variation in enzyme activity and dopamine catabolism [32] . And consistent with the interaction in the subnetwork, COMT and BDNF have been found to interactively influence the working memory [33] . BDNF and CNTF are two neurotrophic factors that can support the survival of existing neurons and enhance neurite outgrowth. Conforming with the interaction in the subnetwork, combined treatment of BDNF and CNTF increases the rate of nerve regeneration over treatment with BDNF alone [34] .
Transcription factor binding site enrichment and in silico drug screeen for neural regeneration AP-1 and Pax2 are enriched as the network regulators via transcription factor binding site enrichment analysis using a web-based tool named Enrichr [35] . Pax2 are expressed in populations of nerve cells within the developing forebrain, midbrain, hindbrain and spinal cord [36, 37] . During CNS development, Pax2 have substantial roles in neural differentiation and regional specification, which also indicates its potential implications in neural regeneration [36, 38] . More importantly, AP-1 has been widely recognized as a major effector in neural regeneration. AP-1 transcription factor c-Jun is highly expressed in response to neuronal trauma. Its absence can cause severe defects in perineuronal sprouting, lymphocyte recruitment and microglial activation, and its over-expression GO terms of subnetwork genes with a P value < 0.05. Green indicates biological processes, red indicates cellular components, blue indicates molecule functions. As shown, the most enriched cellular component is the axon. And relevant biological processes such as response to interferon and the ubiquinone biosynthetic process are also enriched. Other enriched terms include the gamma-aminobutyric acid signaling pathway, lipid storage, the retinol metabolic process, the regulation of retinal cell programmed cell death, response to light intensity, etc.
significantly increases neurite outgrowth [24, 39] . The enrichment of AP-1 and Pax2 not only prove that subnetworks that we discovered are promising targets for neuronal regeneration but also indicates the potential in regulation of these six subnetworks to the discovery of small molecules for neuronal regeneration.
To identify small molecules that can modulate genes in subnetworks, cMap, which consists of reference expression profiles for 1309 small molecules, was employed. cMap allow users to upload their list of down-regulated genes and up-regulated genes as a query signature to find small molecules that display similar or converse effects [40] . Based on a comparison of the expression profiles of these 65 subnetwork genes with the 1309 reference profiles in the cMap database, four compounds with most significant permuted P values were chosen (Supplementary Materials 3). Among these compounds, rottlerin, a protein kinase C delta specific inhibitor has already been found to affect neurite outgrowth in dorsal root ganglion [41] . The other three compounds (trichostatin A, pirlindole and amitriptyline) were chosen for further experimental evaluation. Moreover, we also query the signature against L1000 array, which contains over 1 M gene expression profiles [42] . Interestingly, only trichostatin A are in top 50 identified drugs by L1000 (Supplementary Materials 3) , which is consistent with our experimental validation of drug efficacy.
In vivo experimental validation
It has been reported that differences in the regenerative potential between injured PNS neurons and injured CNS neurons likely reflect major differences in intrinsic transcriptional networks [24] . Thus, we tested candidate drugs on their effects on optic nerve regeneration which is a standard model for CNS regeneration [43] . Uninjured and untreated mice were used as a reference. Experimental mice were suffered from an optic nerve crush injury and divided into five groups: mice treated with ambroxol (ambroxol has been proven to be able to promote CNS regeneration) [24] as the positive control group; mice treated with trichostatin A, pirlindole and amitriptyline as the main experimental groups; mice treated with vehicle as the negative control group; after two weeks, we examined the optic nerve regeneration via hematoxylin-eosin (HE) staining and immunofluorescence staining. From HE staining image, uninjured optic nerve showed neatly arranged and homogeneously dyed axon fibers, and uniformly distributed glial cells; while the optic nerve from the injured but untreated mice showed sparse and lightly stained axon fibers, lost of glial cells with vacuolar degeneration and necrosis. Although no improvement was observed in amitriptyline or pirlindole treated group, the axon fibers and glial cells of optic nerve were recovered in trichostatin A treated group (Figure 4) . Further immunofluorescence showed, among the three tested compounds, trichostatin A displayed a significant increase in axon regeneration beyond the site of the lesion ( Figure 5A and 5B). Even though pirlindole and amitriptyline showed a significantly larger β3-tubulin staining area (Student's t-test P < 0.05) at one locus ( Figure 5B ), the lack of significant larger staining area near crush site indicates these may be false signals. In contrast, trichostatin A significantly promoted axon regeneration, and its β3-tubulin staining areas were significantly larger than the negative control at loci at different distances from the crush site (Student's t-test P < 0.05; Figure 5B ). Moreover, the staining area of trichostatin A was not significantly different from that of ambroxol at each locus, which indicates similar efficacy of trichostatin A and ambroxol on neural repair ( Figure 5B ). It was reported that trichostatin A selectively inhibits the class I and II mammalian histone deacetylase families of enzymes [44] ; thus, it can be used to alter gene expression by interfering with the removal of acetyl groups from histones and facilitating its regulation of subnetwork genes. Overall, the ability of trichostatin A to promote neural regeneration is of great interest for the treatment of spinal cord injury or neurodegenerative diseases.
The optic nerve of normal mice showed neatly arranged and homogeneously dyed axon fibers, and uniformly distributed glial cells; while the optic nerve of injured but untreated mice showed sparse and lightly stained axon fibers, lost of glial cells with vacuolar degeneration and necrosis. In ambroxol treated group and trichostatin A treated group, the axon fibers and glial cells of optic nerve were recovered, while no improvement in pirlindole or amitriptyline treated group.
DISCUSSION
A previous study reported approximately 4500 DEGs after neural injury and identified 400 redundant signaling networks related to 39 transcription factors [13] , which revealed the complexity of signaling transduction after neural injury. However, there must be a core set of upstream genes that modulate such complex responses. In the present work, the subnetworks coordinating the complicated signaling responses following neural injury were identified by combining the network guided forest and a heat diffusion model. In these subnetworks, two importance neurotrophic factors, namely, BDNF and CNTF, are vital for the repair and regrowth of injured neurons. And genes in each subnetwork are closely connected to each other. For example, the interaction between COMT and BDNF has been proved to influence working memory [33] . Moreover, almost half of the genes in the subnetworks are related to neural regeneration or neural injury. Conventional drug-targeted mechanisms such as immune response and neurotrophic factors, are also well captured by subnetworks. Therefore, the other half of genes in the subnetworks are potential regulators in the neural regeneration. Further validation of these subnetwork genes may lead to the new discovery of the underlying mechanisms of neural regeneration.
By screening compounds that are likely to modulate the gene expressions of subnetworks, we can find compounds that are able to systematically regulate complex signaling pathways underlying neural regeneration. Based on this principle, we utilized cMap, a systematic pharmacological approach, to help locate potential network regulators. Of the three candidate compounds that went through experimental validation, optic nerves treated by two compounds displayed slightly higher but not statistically significant immunofluorescence staining area than in vehicle treated group. Only trichostatin A treated group displayed significant neurite regrowth after injury. Compared with traditional high-throughput screening which searches a large chemical space without prior knowledge [38] , our approach depends on the core subnetworks we constructed on gene expressions and protein-protein associations. Thus, this approach requires a smaller number of compounds to be tested, and has a higher potential in finding effective drugs.
CONCLUSIONS
This study demonstrates the application of network Figure 4 . HE staining of optic nerve in mice. The optic nerve of normal mice showed neatly arranged and homogeneously dyed axon fibers, and uniformly distributed glial cells; while the optic nerve of injured but untreated mice showed sparse and lightly stained axon fibers, lost of glial cells with vacuolar degeneration and necrosis. In ambroxol treated group and trichostatin A treated group, the axon fibers and glial cells of optic nerve were recovered, while no improvement in pirlindole or amitriptyline treated group. pharmacology to the repositioning of drugs for neural regeneration. We prioritize the important genes based on NGF which can integrate gene expressions and proteinprotein associations into one framework. And we find closely connected subnetworks whose interactions underlie the complex signaling responses after neural injury. More importantly, we validated that trichostatin A, a histone deacetylase inhibitor, could promote axon regeneration through modulation of the subnetworks via an optic nerve crush mouse model.
MATERIALS AND METHODS
Data preparation: gene expression profiles and protein-protein associations Expression data can be downloaded from GEO database using accession number GSE26350 [13] . L4/L5 dorsal root ganglia were dissected from crush-lesioned or control sham-operated rats at different time points. mRNA expressions were quantified via rat genome 230.2 arrays (Affymetrix). Data were then pre-processed with the RMA algorithm [45] and log2-transformed.
Protein-protein associations were downloaded from the STRING database [46] . Apart from available experimental data on protein-protein interactions, and importing known pathways and protein complexes from curated databases, protein-protein associations are derived from the following sources: (i) systematic co-expression analysis, (ii) detection of shared selective signals across genomes, (iii) automated text-mining of the scientific literature and (iv) computational transfer of interaction knowledge between organisms based on gene orthology. And only protein-protein associations with a score > = 400 were kept for further analysis.
Network guided forest (NGF) analysis
NGF uses gene expression profiles and protein association networks as inputs to train a random forest classification model that can precisely differentiate a case from a control. In our case, expression profiles were divided into injured DRGs and sham-operated controls. The algorithm is a revised random forest algorithm. The main difference in NGF is that the selection of nodes at each branch must take protein networks into consideration. As in random forest, each tree is constructed based on a bootstrap subset of samples drawn with replacement from original samples. And each tree is built using the recursive partitioning algorithm CART (classification and regression trees) [47] . In NGF, samples for each tree are drawn with replacement from the original sample to form a new sample that has the same size. Second, randomly select ffiffiffiffi N p genes from all the N genes as candidate split nodes for the root, and to put more restriction on root node, only using genes with a degree of at least 5 as root candidates. Third, Gini index were used as a measure of impurity to decide how well a gene and a corresponding expression threshold can differentiate samples with respect to their phenotypic classes; the best such gene is the final chosen node. Fourth, at each subsequent node, the probability of selecting a particular gene for the candidate set is proportional to the number of proteinprotein associations it shares with genes already in the tree; fifth, repeat the third step and fourth step iteratively, to choose the node that bring the largest Gini index reduction at each branch, until the Gini index reduction is smaller than 0.02. The above steps were repeated 10,000 times, and a total of 10,000 different decision trees were built to form the NGF model related to neural regeneration. According to the reduction of the Gini index at each node in each tree, NGF assigns an importance score for each gene (important score, IS). More specifically, according to the reduction in the output sample Gini index due to the node (gene) split in the decision tree, the key regulation genes and their importance scores (IS) can be obtained:
where GiniðT Þ is the Gini index of all of the samples as tested by split node g, GiniðUÞ is the Gini index of the sample subset whose expression values are larger than threshold, and GiniðDÞ is the Gini index of the sample subset whose expression values are lower than threshold. N T , n U and n D are the sizes of corresponding sample sets. The Gini index is defined in Equation (2), in which n P and n N represent the number of positive and negative samples, respectively, in the sample set N S [25, 26] .
HotNet2 analysis
HotNet2 requires two inputs, one is a heat vector h ↕ ↓
, which consists of the initial heat for each gene, another is a network graph G=ðV, EÞ, where each node corresponds to a gene and each edge corresponds to an association between two nodes. HotNet2 first captures the local topology of the protein-protein association network around a gene by an insulated heat diffusion process [48] . At each time interval, an insulating parameter b, controls how much heat a node retains. And each node passes down the rest of heat through protein-protein association networks. At equilibrium, the amount of heat on each node is determined by its initial heat, the local topology of the network surrounding the node, and the insulating parameter b. Assuming each node contains a unit heat, then the heat diffuses from node i to node j is the ði,jÞ entry of the diffusion matrix F defined by:
where
if node i interacts with node j, 0 otherwise. Therefore, the network graph is normalized to get the adjacency matrix W. Combining the diffusion matrix with the initial heat of each node, the exchanged heat matrix E is defined as follow:
where D h ↕ ↓ is the diagonal matrix with entries h ↕ ↓
. The ði,jÞ entry of the exchanged heat matrix E is the heat that diffuses from node g j to node g i considering the initial heat on node j. If Eði,jÞ is bigger than a threshold d, then node j to node i can be connected by a directed edge of weight Eði,jÞ. Then, HotNet2 identifies strongly connected components in a graph through a two-step statistical test [27, 49, 50] . The source code for HotNet2 is freely available at https://github.com/raphael-group/ hotnet2.
Functional annotation and enrichment analysis
To functionally annotate genes in subnetworks, we first search the PubMed database for association with key words, neuronal regeneration, axonal regeneration, and nerve injury for every gene using a web scraping script. Next, employing a text mining toolkit, DiGSeE at https:// gcancer.org/digsee [30] , we were able to extract the sentences containing the associations between neural degenerative diseases with each gene. Gene ontology analysis were performed using DAVID functionally analysis toolkit at https://david.ncifcrf.gov [51, 52] and Panther at http://www.pantherdb.org [53] . Transcription factor binding sites enrichment analysis was performed using Enrichr at http://amp.pharm.mssm.edu/Enrichr [35] .
In silico small molecule screening
The Connectivity Map (cMap) database (https://portals. broadinstitute.org/cmap) can be used to screen potential drugs, and the details have been described previously [28] . Essentially, cMap is a database that contains the expression profiles of more than 7000 instances and 1309 small molecules. Users can submit a list of downregulated genes and a list of up-regulated genes associated with a specific perturbation, and cMap then returns the molecules that have the most similar or most dissimilar signatures when compared with the user's inputs. We used 65 genes identified by HotNet2 as the query signature for cMap. By choosing the molecules with the smallest permutation P-value, the top three enriched small molecules in the returned signature lists were utilized for experimental validation.
Mice optic nerve injury and drug administration
All animals received humane care according to the criteria outlined in the "Guide for the Care and Use of Laboratory Animals" prepared by the National Academy of Sciences and published by the National Institutes of Health (NIH publication 86-23, revised 1985). All of the in vivo experiments comply with the animal study protocol approved by the ethics committee of Wuhan General Hospital of PLA. First six-week-old C57BL/6 mice were obtained and acclimated for one week. Then, the mice were randomly divided into six groups: one group was uninjured and five groups' optic nerves were crushed as described previously [54] . Immediately following injury, the five treatment groups received a 1 µL intravitreal injection of either vehicle (1% DMSO, 5% Tween-80 and 5% PEG 400 in water), Ambroxol (25 mg/mL in vehicle), Trichostatin A (50 µg/mL in vehicle), Pirlindole (10 mg/mL in vehicle) or Amitriptyline (1 mg/mL in vehicle). From the day after the optic nerve was crushed to the day prior to termination, each group of mice received a 120 µL intraperitoneally injection of either vehicle, Ambroxol (25 mg/mL), Trichostatin A (50 µg/mL), Pirlindole (10 mg/mL) or Amitriptyline (1 mg/mL). Uninjured mice were set as the normal control group.
Tissue preparation, hematoxylin-eosin (HE) staining and immunofluorescence staining Animals were given a lethal dose of anesthesia (Chloral hydrate) and perfused intracardially with 4% paraformaldehyde (PFA) in PBS. After dissection, optic nerves were post fixed overnight at 4°C in 4% PFA, and were cryoprotected in 20% sucrose/PBS for 48 h at 4°C. Optic nerves were embedded in Tissue-Tek and 8 µm sections were made using a cryostat. Then the optic nerve sections were washed 3 times in PBS before HE staining and immunofluorescence staining. For immunofluorescence staining, optic nerve sections were incubated for 1 h at room temperature in blocking solution (5% BSA, 0.25% Triton X-100 in PBS). Beta III Tubulin antibody (Abcam, 1/1000, ab18207) was diluted in blocking solution and incubated with optic nerve sections overnight at 4°C. Optic nerve sections were then washed 3 times in PBS. The secondary antibody (Goat anti-rabbit IgG-Cy3, Proteintech) was diluted in PBS and incubated with optic nerve sections for 30 min at 37°C. Optic nerve sections were then washed 3 times in PBS, mounted with 50% glycerol/PBS and photographed under a fluorescence microscope. 
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